All relevant data are within the paper and its Supporting Information file.

Introduction {#sec001}
============

Butyrate, one of three main short chain fatty acids (acetate, propionate and butyrate), is gaining more attention for controlling gut pathogens and promote the health status of animals in the animal feed industry. It is produced by the bacterial fermentation of unabsorbed carbohydrates in the colonic lumen of monogastric mammals and birds \[[@pone.0154410.ref001]\], serves as one of the primary sources of energy for the gastrointestinal epithelium and promotes the growth of normal epithelial cells \[[@pone.0154410.ref002]\]. Because of its antibacterial effect, butyrate can improve the balance of the intestinal microbiome \[[@pone.0154410.ref003]\], and has been widely used as a feed additive in the poultry industry \[[@pone.0154410.ref004]\]. However, butyrate was typically used in the form of sodium butyrate due to the unpleasant odor and a recognizable volatility property of natural butyrate \[[@pone.0154410.ref005]\]. Oral supplementation of butyrate can enter the systemic circulation and cause a significant increase in the plasma butyrate concentration of both chickens and mice \[[@pone.0154410.ref006], [@pone.0154410.ref007]\]. However, poor pharmacological properties of butyrate, such as first-pass hepatic clearance and short half-life, limited the amount of butyrate that can enter the systemic circulation. Additionally, high doses of butyrate are usually needed to achieve therapeutic concentrations *in vivo* \[[@pone.0154410.ref008]\]. Meanwhile, non-protected butyrate has been found to only affect the upper part of the digestive tract but not the entire gastrointestinal tract \[[@pone.0154410.ref009], [@pone.0154410.ref010]\]. Therefore, it is necessary to develop a carrier for natural sodium butyrate to overcome these disadvantages.

Clinoptilolite, one of the rarest natural zeolite especially in China, is a crystalline microporous aluminosilicate of alkali and alkaline earth cations with channels and pores running through the crystal \[[@pone.0154410.ref011]\]. The biological effects of clinoptilolite, such as adsorptivity, cation-exchange, and catalytic properties, are related to its unique structural characteristics, which are known as molecular sieves. Clinoptilolite is currently used in different technological applications such as purification of water, soil improvement, cleaning of fish pond, food supplement and radioprotection etc. It is relatively stable in the gastrointestinal tract of animals \[[@pone.0154410.ref012]\], and can adsorb heavy metals, free radicals as well as toxins in the body and eventually excrete them from the body as a unique selective adsorbent \[[@pone.0154410.ref013]\]. The adsorptive characteristics of clinoptilolite affects tissue uptake and the utilization of NH~4~^+^, Cs^+^, Cu^2+^, Cd^2+^, and Pb^2+^ as well as other cations in animals \[[@pone.0154410.ref013], [@pone.0154410.ref014]\]. Thus, clinoptilolite could potentially improve feed efficiency, enhance immunity \[[@pone.0154410.ref015], [@pone.0154410.ref016]\] and reduce oxidant stress in animals \[[@pone.0154410.ref017], [@pone.0154410.ref018]\]. Therefore, clinoptilolite is widely used as a feed additive in the animal industry. The other prospective use of clinoptilolite, as a drug carrier \[[@pone.0154410.ref019], [@pone.0154410.ref020]\], is to control the release time of drugs and keep the concentration of drugs relatively stable over a period of time \[[@pone.0154410.ref021]\]. Additionally, the structural and adsorption properties of clinoptilolite can be improved through different modification methods such as acid, alkali, heat treatments and microwave modifications. Acid treatment, as the most common modification method, exchanges the cations of the clinoptilolite with H^+^ and can remove aluminum from the framework \[[@pone.0154410.ref022]\] and improve the adsorption capacity of clinoptilolite by dissolving the impurities that block the pores of clinoptilolite \[[@pone.0154410.ref023]\]. Therefore, we created an additive that combines the advantages of both materials, butyrate loaded clinoptilolite (CLI-B). We hypothesized that loading butyrate into clinoptilolite would increase the adsorption capacity of clinoptilolite while clinoptilolite could be a carrier for butyrate.

Broiler chicken is one of the most common target species for butyrate administration, but whether CLI-B would improve development and antioxidant capacity of intestine in broilers remains to be elucidated. Therefore, in the present study, we aimed to determine the effects of CLI-B on the growth performance, digestive enzymes activity of pancreas, development of intestine, intestinal histomorphology and antioxidant capacity of serum and intestinal mucosal in broiler chickens.

Materials and Methods {#sec002}
=====================

Preparation of butyrate loaded clinoptilolite {#sec003}
---------------------------------------------

The clinoptilolite was purchased from the Center of China Geological Survey (Nanjing, China) and sieved through a 100-mesh sieve. CLI-B was synthesized using a sol-gel intercalation \[[@pone.0154410.ref024]\]. It was then calcined in a muffle oven at 350°C for 2 h to remove the water and organic template to free the pores. Butyrate (Chemical Pure, 98%) and sodium butyrate (Chemical Pure, 98%) were purchased from Aladdin Industrial Corporation (Shanghai, China). Butyrate loaded clinoptilolite was prepared according to the method of Wu et al with some modifications \[[@pone.0154410.ref024]\]. The clinoptilolite was added to a 70-mL butyrate solution with a concentration of 3 mol/L. The mixture was blended at 60°C at 151 rpm/min in a constant temperature oscillated instrument for 4 h, and the lower sediments were washed by deionized water until the pH of the washed solution was 7. Finally, the washed material was collected and dried at 105°C for 2 h in an air oven and then ground and sieved through a 100-mesh sieve. The temperature (105°C) was much lower than the boiling point of butyrate (163.5°C) which will not affect the function of butyrate, besides, the temperature (105°C) will help to remove the water in clinoptilolite which met the demand of differential thermal analysis (DTA). The clinoptilolite was successfully loaded with butyrate using this method. The butyrate loaded into the clinoptilolite was 3.8%, as determined by a DTA method \[[@pone.0154410.ref025]\]. Thus, the amount of butyrate in 0.05% SB is the same as that in 1% CLI-B.

Experimental design, diets and management {#sec004}
-----------------------------------------

Two hundred and forty 1-d-old commercial Arbor Acres broilers were procured from a local commercial hatchery (Hewei, Anhui, China) and were randomly divided into four experimental groups. Each treatment had six replicates and each replicate contained ten birds with similar average body weight and were fed diets as follows: basic diet (CON group), basic diet + 0.05% sodium butyrate (SB group), basic diet + 1% clinoptilolite (CLI group), basic diet + 1% butyrate loaded clinoptilolite (CLI-B group). The basic diet of broilers in all treatments was a corn-soybean basal diet and was formulated based on the NRC (1994). Ingredients and nutrient composition of broiler diets at 21 d and 42 d are available in the Table A in [S1 File](#pone.0154410.s001){ref-type="supplementary-material"}.

All birds were placed in wired cages and housed in an environmentally controlled room. Temperature was maintained at 34°C to 36°C during 1 to 14 d of age and gradually decreased to 26°C, after which it was held at room temperature and remained unchanged until the end of the experiment. The light regimen was a 12 h light-dark cycle (0600 to 1800 h light). The birds were allowed to consume feed and water *ad-libitum*. This project was approved and conducted under the supervision of the Animal Care and Use Committee, Nanjing Agricultural University, Nanjing, China, which has adopted the Animal Care and Use Guidelines governing all animals used in experimental procedures.

Sample collection and procedures {#sec005}
--------------------------------

One bird was randomly selected from each replicate and weighed after 12 h of feed deprivation at 21 d and 42 d of age. All birds were sacrificed by exsanguination and necropsied immediately. Blood samples were collected without anticoagulant for serum separation. Blood was centrifuged at 4000 rpm for 15 min at 4°C to collect serum. The pancreas tissue samples were collected then cut into pieces. All of the samples above were then stored at −20°C for further analysis. The small intestine including duodenum (from gizzard to pancreas-biliary ducts), jejunum (from pancreas-biliary ducts to Meckel's diverticulum) and ileum (from Meckel's diverticulum to ileocecal junction) were removed. Samples of the duodenum, jejunum, and ileum (1 cm cut from the midpoint) were stored in 10% neutral buffered formalin for 24 h for histomorphometrical study \[[@pone.0154410.ref026]\].

Growth performance {#sec006}
------------------

The growth performance of broilers was evaluated by body weight gain (BWG), feed intake (FI) and feed conversion ratio (F/G). Body weights were recorded for each replicate at 1, 21 and 42 d of age. Before weighing at 21 and 42 d, feed was withdrawn for 12 h and water was provided *ad libitum*. Feed intake was also recorded during the 42-d of trial.

Measurement of digestive enzyme activities of pancreas {#sec007}
------------------------------------------------------

The pancreas tissues were collected with following the method of Hu et al \[[@pone.0154410.ref027]\]. Briefly, pancreas tissue samples were homogenized (1:9, wt/vol) with ice-cold 0.86% physiological saline and then centrifuged at 4000 rpm at 4°C for 15 min. The supernatant was stored at −20°C for digestive enzyme activities. Amylase, protease and lipase enzyme activities were determined by using the commercial kits (Nanjing JianCheng Institute of Bioengineering, Jiangsu, China) according to the instructions of the manufacturer. Amylase and protease activities were expressed as units per milligram of protein, and lipase activity was expressed as units per gram of protein.

Development of intestine and intestinal histomorphology {#sec008}
-------------------------------------------------------

The length and weight of intestinal segments, the relative weight of intestinal segment to body weight and relative length of intestinal segment to body weight were calculated according to the study of Jin et al \[[@pone.0154410.ref028]\].

For histomorphometrical study, the intestine were later dehydrated in ethyl alcohols of increasing concentrations, cleared with xylene, and finally embedded in paraffin embedded wax. They were cut into 6 μm, placed on glass slides, and stained with haematoxylin and eosin. A total of ten slides for each intestine segment were prepared and analyzed using a light microscope for morphological observations. Images were collected using a Nikon ECLIPSE 80i light microscope equipped with a computer assisted morphometric system (Nikon Corporation, Tokyo, Japan). Villus height and crypt depth of twenty well oriented villi per image were measured using the Image-Pro Plus (IPP) software. Villus height was measured from the tip of the villi to the villus crypt junction, and crypt depth was defined from the valley between individual villus to the basal membrane. The villus height-to-crypt depth ratio (villus / crypt ratio) was also calculated \[[@pone.0154410.ref028]--[@pone.0154410.ref030]\].

Antioxidant capacity of serum and intestinal mucosal {#sec009}
----------------------------------------------------

Nitric oxide (NO, μmol/L), total nitric oxide synthase (TNOS, U/L) and induce nitric oxide synthase (*i*NOS, U/L) were measured with commercial kits according to the manufacturer's instructions (JianCheng Bioengineering Institute, Nanjing, China) \[[@pone.0154410.ref031], [@pone.0154410.ref032]\].

The mucosal of intestinal segments (jejunum and ileum) were scraped and then stored at −20°C for further analysis. After thawing, 0.2 to 0.3 g of mucosal scraping was homogenized with ice-cold physiological saline and centrifuged at 4000 rpm at 4°C for 10 min. Total protein content in mucosal scraping was determined according to the Bradford method. Antioxidant enzyme activities of catalase (CAT), superoxide dismutase (SOD), copper and zinc superoxide dismutase (CuZn-SOD), glutathione peroxidase (GSH-Px) and T-AOC were determined using corresponding diagnostic kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, P. R. China) and expressed as unit per milligram of protein of intestine mucosal \[[@pone.0154410.ref033], [@pone.0154410.ref034]\].

Statistical analysis {#sec010}
--------------------

All data were analyzed by one-way analysis of variance (ANOVA) using SPSS statistical software (Ver.16.0 for windows, SPSS, Inc., Chicago, IL, USA). Differences among treatments were examined by Duncan's multiple range test. Significance (*P*-value) was evaluated at 0.05. The means and standard errors (S.E.M) were also determined.

Results {#sec011}
=======

Growth performance {#sec012}
------------------

The results showed that the SB group had significant increase in BWG and FI (P \< 0.05) compared with CLI and CLI-B groups while there were no significant differences (P \> 0.05) found in the F/G among the different dietary treatments at 21 d ([Table 1](#pone.0154410.t001){ref-type="table"}). The supplementation of CLI-B decreased the F/G compared with the SB and CLI groups during 22--42 d of age. Additionally, a significant decreased (P \< 0.05) in FI and F/G were found in broilers fed diets supplemented with CLI-B compared with the CON group. Furthermore, compared with the CLI group, CLI-B group significantly decreased F/G in broilers during the whole experimental period of 42 d.

10.1371/journal.pone.0154410.t001

###### Effects of different treatments on growth performance of broilers chickens.

![](pone.0154410.t001){#pone.0154410.t001g}

                 Item[^1^](#t001fn002){ref-type="table-fn"}   CON [^2^](#t001fn003){ref-type="table-fn"}            SB [^3^](#t001fn004){ref-type="table-fn"}             CLI [^4^](#t001fn005){ref-type="table-fn"}            CLI-B [^5^](#t001fn006){ref-type="table-fn"}
  -------------- -------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ----------------------------------------------------
  **1--21 d**    BWG (kg/bird)                                0.58 ± 0.01 [^ab^](#t001fn007){ref-type="table-fn"}   0.64 ± 0.02 [^a^](#t001fn007){ref-type="table-fn"}    0.56 ± 0.03 [^b^](#t001fn007){ref-type="table-fn"}    0.56± 0.01 [^b^](#t001fn007){ref-type="table-fn"}
                 FI (kg/bird)                                 0.78 ± 0.01 [^ab^](#t001fn007){ref-type="table-fn"}   0.81 ± 0.01 [^a^](#t001fn007){ref-type="table-fn"}    0.74 ± 0.03 [^b^](#t001fn007){ref-type="table-fn"}    0.73 ± 0.02 [^b^](#t001fn007){ref-type="table-fn"}
                 F/G (kg/kg)                                  1.35 ± 0.01                                           1.28± 0.03                                            1.33± 0.03                                            1.31± 0.02
  **21--42 d**   BWG (kg/bird)                                1.95 ± 0.05                                           1.84 ± 0.05                                           1.83 ± 0.03                                           1.84 ± 0.07
                 FI (kg/bird)                                 3.48 ± 0.06                                           3.33 ± 0.13                                           3.46 ± 0.05                                           3.10 ± 0.021
                 F/G (kg/kg)                                  1.79 ± 0.02 [^ab^](#t001fn007){ref-type="table-fn"}   1.81 ± 0.04[^a^](#t001fn007){ref-type="table-fn"}     1.89 ± 0.01 [^a^](#t001fn007){ref-type="table-fn"}    1.67 ± 0.07 [^b^](#t001fn007){ref-type="table-fn"}
  **1--42 d**    BWG (kg/bird)                                2.52 ± 0.06                                           2.48 ± 0.06                                           2.39 ± 0.04                                           2.40 ± 0.06
                 FI (kg/bird)                                 4.36 ± 0.07 [^a^](#t001fn007){ref-type="table-fn"}    4.22 ± 0.11 [^ab^](#t001fn007){ref-type="table-fn"}   4.30 ± 0.05 [^ab^](#t001fn007){ref-type="table-fn"}   3.92 ± 0.20 [^b^](#t001fn007){ref-type="table-fn"}
                 F/G (kg/kg)                                  1.73 ± 0.02 [^a^](#t001fn007){ref-type="table-fn"}    1.71 ± 0.03 [^ab^](#t001fn007){ref-type="table-fn"}   1.80 ± 0.01 [^a^](#t001fn007){ref-type="table-fn"}    1.63 ± 0.05 [^b^](#t001fn007){ref-type="table-fn"}

*Note*.

^1^Abbreviations: BWG, body weight gain; FI, feed intake; F/G, feed conversion ratio.

^2^ Broilers fed a basal diet.

^3^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^4^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^5^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Activities of pancreatic digestive enzymes {#sec013}
------------------------------------------

Pancreatic amylase activity was significantly increased (P \< 0.05) in SB, CLI and CLI-B groups than the CON group in chickens at 21d. In chickens, lipases activity was significantly increased (P \< 0.05) in the CLI-B group than CON group at both 21 d and 42 d of age. Moreover, the CLI-B supplementation significantly increased (P \< 0.05) lipases activity than SB group at 21 d and CLI group at 42 d in chickens ([Table 2](#pone.0154410.t002){ref-type="table"}).

10.1371/journal.pone.0154410.t002

###### Effects of different treatments on digestive enzyme activities of pancreas of broilers chickens.

![](pone.0154410.t002){#pone.0154410.t002g}

             Item                    CON [^1^](#t002fn002){ref-type="table-fn"}              SB [^2^](#t002fn003){ref-type="table-fn"}               CLI [^3^](#t002fn004){ref-type="table-fn"}              CLI-B [^4^](#t002fn005){ref-type="table-fn"}
  ---------- ----------------------- ------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------- -------------------------------------------------------
  **21 d**   Amylase (U/mgprotein)   322.74 ± 36.19 [^b^](#t002fn006){ref-type="table-fn"}   503.01 ± 30.53 [^a^](#t002fn006){ref-type="table-fn"}   485.41 ± 35.33 [^a^](#t002fn006){ref-type="table-fn"}   510.56 ± 16.13 [^a^](#t002fn006){ref-type="table-fn"}
             Protease (U/gprotein)   5132.51±451.78                                          5889.78±198.02                                          6178.60±279.57                                          5776.39±472.17
             Lipase (U/mgprotein)    47.21 ± 4.71 [^b^](#t002fn006){ref-type="table-fn"}     40.28 ±1.53 [^b^](#t002fn006){ref-type="table-fn"}      52.33 ±5.88 [^ab^](#t002fn006){ref-type="table-fn"}     63.19 ±3.96 [^a^](#t002fn006){ref-type="table-fn"}
  **42 d**   Amylase (U/mgprotein)   484.71 ±22.81                                           479.47±14.08                                            488.59±5.77                                             508.57±27.68
             Protease (U/gprotein)   4951.41±583.59                                          5872.49±506.08                                          5886.10±414.82                                          5473.76±334.87
             Lipase (U/mgprotein)    61.88 ±3.25 [^b^](#t002fn006){ref-type="table-fn"}      65.62±4.74 [^b^](#t002fn006){ref-type="table-fn"}       54.28±4.16 [^ab^](#t002fn006){ref-type="table-fn"}      76.31±3.93 [^a^](#t002fn006){ref-type="table-fn"}

*Note*.

^1^ Broilers fed a basal diet.

^2^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^3^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^4^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Development of intestine {#sec014}
------------------------

The results showed ([Table 3](#pone.0154410.t003){ref-type="table"}) that CLI-B group had significantly increased (P \< 0.05) the relative weight of duodenum than the CON group at 42 d. The relative length at 21 d and the relative weight of duodenum at 42 d in CLI-B group were significantly increased (P \< 0.05) than SB group in chickens. The results showed (Table B in [S1 File](#pone.0154410.s001){ref-type="supplementary-material"}) that none of the experimental diets induced significant effects on the relative weight and length of jejunum at both 21 d and 42 d in chickens. Dietary CLI-B group had significant increased (P \< 0.05) in the relative weight of ileum than the CON and SB groups at 21 d of age in chickens.

10.1371/journal.pone.0154410.t003

###### Effects of different treatments on development of duodenum and ileum of broilers chickens.

![](pone.0154410.t003){#pone.0154410.t003g}

                       Item[^1^](#t003fn002){ref-type="table-fn"}   CON [^2^](#t003fn003){ref-type="table-fn"}            SB [^3^](#t003fn004){ref-type="table-fn"}             CLI [^4^](#t003fn005){ref-type="table-fn"}             CLI-B [^5^](#t003fn006){ref-type="table-fn"}
  -------------------- -------------------------------------------- ----------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------ -----------------------------------------------------
  **Duodenum, 21 d**   Relative weight (g/kg BW)                    8.75 ±0.31                                            8.39 ±0.32                                            8.69 ±0.28                                             9.24 ±0.39
                       Relative length (cm/kg BW)                   33.88 ±0.69 [^ab^](#t003fn007){ref-type="table-fn"}   32.35 ±1.63 [^b^](#t003fn007){ref-type="table-fn"}    35.25 ±1.31 [^ab^](#t003fn007){ref-type="table-fn"}    37.04 ±1.43 [^a^](#t003fn007){ref-type="table-fn"}
  **Duodenum, 42 d**   Relative weight (g/kg BW)                    4.01 ±0.15 [^b^](#t003fn007){ref-type="table-fn"}     4.06 ±0.05 [^b^](#t003fn007){ref-type="table-fn"}     4.25 ±0.09 [^ab^](#t003fn007){ref-type="table-fn"}     4.49 ±0.16 [^a^](#t003fn007){ref-type="table-fn"}
                       Relative length (cm/kg BW)                   9.95 ±0.37                                            9.77 ±0.32                                            10.59 ±0.25                                            10.61 ±0.39
  **Ileum, 21 d**      Relative weight (g/kg BW)                    10.49 ± 0.38 [^b^](#t003fn007){ref-type="table-fn"}   10.10 ± 0.74 [^b^](#t003fn007){ref-type="table-fn"}   11.53 ± 0.35 [^ab^](#t003fn007){ref-type="table-fn"}   12.56 ± 0.90 [^a^](#t003fn007){ref-type="table-fn"}
                       Relative length (cm/kg BW)                   59.87 ± 2.47                                          60.18 ± 3.79                                          60.80 ± 2.12                                           67.36 ± 3.14
  **Ileum, 42 d**      Relative weight (g/kg BW)                    8.45 ± 0.31                                           9.02 ± 0.35                                           9.01 ± 0.31                                            9.04 ± 0.26
                       Relative length (cm/kg BW)                   26.96 ± 1.70                                          28.02 ± 1.37                                          28.32 ± 1.27                                           29.46 ± 0.80

*Note*.

^1^Abbreviations: BW, body weight.

^2^ Broilers fed a basal diet.

^3^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^4^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^5^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Intestinal histomorphology {#sec015}
--------------------------

Haematoxylin and eosin (H&E) staining of duodenum, jejunum and ileum at 21 days and 42 days were presented in [Fig 1](#pone.0154410.g001){ref-type="fig"} and [Fig 2](#pone.0154410.g002){ref-type="fig"}, respectively. No significant changes were found among all dietary groups in villus height of duodenum at both 21 d and 42 d (P \> 0.05) of age, while a significant decreased in crypt depth and increased in villus/crypt ratio (P \< 0.05) were found in the CLI-B group than other groups at 21 d in chickens ([Table 4](#pone.0154410.t004){ref-type="table"}). In jejunum ([Table 4](#pone.0154410.t004){ref-type="table"}), the villus height and villus/crypt ratio were significantly increased (P \< 0.05) in SB and CLI-B groups than the CON group at 42 d. However, chickens in CLI-B group had significant increased (P \< 0.05) in the villus height of jejunum than the CLI group at both 21 d and 42 d of age. Additionally, CLI-B group had significantly increased (P \< 0.05) in villus/crypt ratio of jejunum than the CLI group at 42 d. Furthermore, compared with the CLI group, SB group had significantly increased (P \< 0.05) in villus height of jejunum at 42 d. A significantly decreased in crypt depth and increased in villus/crypt ratio of ileum in chickens of SB and CLI-B groups (P \< 0.05) were observed than the CON and CLI groups at 21 d of age. Supplementation of CLI-B in broiler chickens increased the villus/crypt ratio of ileum at 42 d compared with the CON group.

![Haematoxylin and eosin (H&E) staining of duodenum, jejunum and ileum at 21 days of age.\
Note: Scale bar, 500 μm.](pone.0154410.g001){#pone.0154410.g001}

![Haematoxylin and eosin (H&E) staining of duodenum, jejunum and ileum at 42 days of age.\
Note: Scale bar, 500 μm.](pone.0154410.g002){#pone.0154410.g002}

10.1371/journal.pone.0154410.t004

###### Effects of different treatments on duodenum, jejunum and ileum histomorphology of broilers chickens.

![](pone.0154410.t004){#pone.0154410.t004g}

                 Item[^1^](#t004fn002){ref-type="table-fn"}   CON [^2^](#t004fn003){ref-type="table-fn"}              SB [^3^](#t004fn004){ref-type="table-fn"}              CLI [^4^](#t004fn005){ref-type="table-fn"}             CLI-B [^5^](#t004fn006){ref-type="table-fn"}
  -------------- -------------------------------------------- ------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------
  **Duodenum**   villus height                                908.76±23.20                                            989.18±53.17                                           928.57±38.94                                           997.60±34.80
  **21 d**       crypt depth                                  118.78±4.19 [^a^](#t004fn007){ref-type="table-fn"}      113.22±2.96 [^a^](#t004fn007){ref-type="table-fn"}     110.33±5.67 [^a^](#t004fn007){ref-type="table-fn"}     93.25±6.57 [^b^](#t004fn007){ref-type="table-fn"}
                 villus/crypt ratio                           7.70±0.36 [^b^](#t004fn007){ref-type="table-fn"}        8.79±0.58 [^b^](#t004fn007){ref-type="table-fn"}       8.45±0.26 [^b^](#t004fn007){ref-type="table-fn"}       10.99±0.89 [^a^](#t004fn007){ref-type="table-fn"}
  **Duodenum**   villus height                                1033.53±25.60                                           1126.18±47.59                                          1098.03±55.07                                          1190.83±66.95
  **42 d**       crypt depth                                  103.64±5.52                                             99.93±6.75                                             95.78±5.61                                             94.78±5.28
                 villus/crypt ratio                           10.08 ±0.42                                             11.55±1.03                                             11.53±0.46                                             12.85±1.27
  **Jejunum**    villus height                                681.78 ±29.98 [^ab^](#t004fn007){ref-type="table-fn"}   644.93±26.24 [^ab^](#t004fn007){ref-type="table-fn"}   591.39±36.44 [^b^](#t004fn007){ref-type="table-fn"}    719.03±40.32 [^a^](#t004fn007){ref-type="table-fn"}
  **21 d**       crypt depth                                  93.83±5.77                                              85.05±3.73                                             92.57±6.58                                             89.38±4.07
                 villus/crypt ratio                           7.38±0.50                                               7.67±0.51                                              6.48±0.46                                              8.13±0.59
  **Jejunum**    villus height                                848.40±34.93 [^b^](#t004fn007){ref-type="table-fn"}     1108.28±43.02 [^a^](#t004fn007){ref-type="table-fn"}   938.39±50.19 [^b^](#t004fn007){ref-type="table-fn"}    1154.83±58.82 [^a^](#t004fn007){ref-type="table-fn"}
  **42 d**       crypt depth                                  104.73±3.48                                             94.48±7.09                                             92.71±5.23                                             89.08±4.89
                 villus/crypt ratio                           8.17±0.51 ^c^                                           11.97±0.80 [^ab^](#t004fn007){ref-type="table-fn"}     10.23±0.63 [^b^](#t004fn007){ref-type="table-fn"}^c^   13.17±1.00 [^a^](#t004fn007){ref-type="table-fn"}
  **Ileum**      villus height                                494.93±19.72                                            573.93±52.48                                           569.87±28.21                                           575.53±31.11
  **21 d**       crypt depth                                  89.83±2.96 [^a^](#t004fn007){ref-type="table-fn"}       60.33±4.74 [^b^](#t004fn007){ref-type="table-fn"}      83.67±5.13 [^a^](#t004fn007){ref-type="table-fn"}      62.50±5.28 [^b^](#t004fn007){ref-type="table-fn"}
                 villus/crypt ratio                           5.51±0.12 [^b^](#t004fn007){ref-type="table-fn"}        9.61±0.63 [^a^](#t004fn007){ref-type="table-fn"}       6.98±0.63 [^b^](#t004fn007){ref-type="table-fn"}       9.56±0.95 [^a^](#t004fn007){ref-type="table-fn"}
  **Ileum**      villus height                                783.08±30.01                                            845.65±34.87                                           862.05±24.78                                           864.34±32.38
  **42 d**       crypt depth                                  115.31±3.76                                             102.45±4.78                                            109.05±7.02                                            100.69±2.50
                 villus/crypt ratio                           6.85±0.42 [^b^](#t004fn007){ref-type="table-fn"}        8.37±0.57 [^ab^](#t004fn007){ref-type="table-fn"}      8.09±0.58 [^ab^](#t004fn007){ref-type="table-fn"}      8.65±0.52 [^a^](#t004fn007){ref-type="table-fn"}

*Note*.

^1^Villus height, μm; crypt depth, μm; villus/crypt ratio, μm/μm.

^2^ Broilers fed a basal diet.

^3^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^4^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^5^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Antioxidant capacity of serum and intestinal mucosal {#sec016}
----------------------------------------------------

As observed from [Table 5](#pone.0154410.t005){ref-type="table"}, the serum NO content significantly decreased (P \< 0.05) in chickens fed diets supplemented with butyrate than the CON group at both 21 d and 42 d of age. Broilers in CLI-B group had lower (P \< 0.05) serum *i*NOS activity than the CON group at 21 d and 42 d. However, compared with SB and CLI groups, serum *i*NOS activity significantly decreased (P \< 0.05) in the CLI-B group at 42 d.

10.1371/journal.pone.0154410.t005

###### Effects of different treatments of CLI-B on serum NO content and NOS activity of broilers chickens.

![](pone.0154410.t005){#pone.0154410.t005g}

            Item[^1^](#t005fn002){ref-type="table-fn"}   CON[^2^](#t005fn003){ref-type="table-fn"}            SB[^3^](#t005fn004){ref-type="table-fn"}             CLI [^4^](#t005fn005){ref-type="table-fn"}           CLI-B [^5^](#t005fn006){ref-type="table-fn"}
  --------- -------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ---------------------------------------------------- ----------------------------------------------------
  **21d**   NO (μmol/L)                                  13.32 ±0.37 [^a^](#t005fn007){ref-type="table-fn"}   11.87 ±0.58 [^b^](#t005fn007){ref-type="table-fn"}   11.72 ±0.43 [^b^](#t005fn007){ref-type="table-fn"}   11.70 ±0.46 [^b^](#t005fn007){ref-type="table-fn"}
            TNOS (U/mL)                                  9.20 ±0.11                                           8.80 ±0.23                                           8.81 ±0.23                                           8.50 ±0.35
            iNOS (U/mL)                                  7.30 ±0.22 [^a^](#t005fn007){ref-type="table-fn"}    6.80 ±0.14 [^ab^](#t005fn007){ref-type="table-fn"}   6.99 ±0.16 [^ab^](#t005fn007){ref-type="table-fn"}   6.74 ±0.11 [^b^](#t005fn007){ref-type="table-fn"}
  **42d**   NO (μmol/L)                                  13.01 ±0.82 [^a^](#t005fn007){ref-type="table-fn"}   10.23 ±0.26 [^b^](#t005fn007){ref-type="table-fn"}   10.40 ±0.18 [^b^](#t005fn007){ref-type="table-fn"}   10.50 ±0.37 [^b^](#t005fn007){ref-type="table-fn"}
            TNOS (U/mL)                                  8.19 ±0.32                                           8.04 ±0.12                                           7.92 ±0.10                                           7.65 ±0.15
            iNOS (U/mL)                                  6.13 ±0.19 [^a^](#t005fn007){ref-type="table-fn"}    6.06 ±0.14 [^a^](#t005fn007){ref-type="table-fn"}    5.84 ±0.20 [^a^](#t005fn007){ref-type="table-fn"}    5.13 ±0.22 [^b^](#t005fn007){ref-type="table-fn"}

*Note*.

^1^Abbreviations: NO, nitric oxide; TNOS, total nitric oxide synthase; iNOS, induce nitric oxide synthase.

^2^ Broilers fed a basal diet.

^3^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^4^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^5^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Results of antioxidant capacity of the jejunum and ileum were shown in [Table 6](#pone.0154410.t006){ref-type="table"}. Chickens in CLI-B group had significant increased (P \< 0.05) in the CAT enzyme activity at 21 d of age, GSH-Px enzyme activity at 42 d of age and T-AOC in the mucosa of jejunum at both 21 d and 42 d of age than the CON group at the same period. Compared with the SB group, the T-AOC at 21 d of age, while, both SOD and GSH-Px enzyme activities at 42 d of age were significantly increased (P \< 0.05) in the mucosa of jejunum of CLI-B group in chickens. Supplementation of CLI-B in chickens significantly increased (P \< 0.05) the T-AOC and CAT enzyme activity at 21 d of age, while, GSH-Px enzyme activity at 42 d of age in the mucosa of jejunum compared with CLI group. Furthermore, CLI group had significantly increased (P \< 0.05) the SOD enzyme activity in the mucosa of jejunum than the SB group at 42 d in chickens. CLI-B supplementation with diets significantly increased (P \< 0.05) the CuZn-SOD enzyme activity at 21 d and 42 d, while, activities of SOD and GSH-Px enzymes and T-AOC at 42 d of age in the mucosa of ileum than the CON and SB groups at the same period in chickens. Compared with CLI group, CLI-B group significantly increased (P \< 0.05) the activities of CuZn-SOD (at 21 d and 42 d) and GSH-Px enzyme (at 42 d) of age in chickens. Moreover, CLI group significantly increased (P \< 0.05) the activities of SOD and GSH-Px enzymes and the T-AOC in the mucosa of ileum than the CON and SB groups at 42 d of age in chickens.

10.1371/journal.pone.0154410.t006

###### Effects of different treatments of CLI-B on antioxidant capacity of jejunum mucosal of broilers chickens.

![](pone.0154410.t006){#pone.0154410.t006g}

                          *Item*[^1^](#t006fn002){ref-type="table-fn"}   *CON*[^2^](#t006fn003){ref-type="table-fn"}                  *SB*[^3^](#t006fn004){ref-type="table-fn"}                 *CLI* [^4^](#t006fn005){ref-type="table-fn"}                *CLI-B* [^5^](#t006fn006){ref-type="table-fn"}
  ----------------------- ---------------------------------------------- ------------------------------------------------------------ ---------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------
  ***Jejunum*, *21 d***   *CAT (U/mg protein)*                           *5*.*89±0*.*36*[^b^](#t006fn007){ref-type="table-fn"}        *6*.*06±0*.*51*[^ab^](#t006fn007){ref-type="table-fn"}     *5*.*95±0*.*33* [^b^](#t006fn007){ref-type="table-fn"}      *7*.*25±0*.*45*[^a^](#t006fn007){ref-type="table-fn"}
                          *SOD (U/mg protein)*                           *89*.*95±2*.*25*                                             *92*.*61 ±3*.*41*                                          *93*.*62 ±3*.*06*                                           *105*.*96 ±10*.*65*
                          *CuZn-SOD (U/mg protein)*                      *59*.*79 ±3*.*03*                                            *51*.*87 ±3*.*78*                                          *51*.*81 ±2*.*79*                                           *59*.*80 ±5*.*72*
                          *GSH-Px (U/mg protein)*                        *23*.*50 ±2*.*01*                                            *27*.*70 ±2*.*68*                                          *23*.*11 ±0*.*83*                                           *28*.*05 ±1*.*52*
                          *T-AOC (U/mg protein)*                         *0*.*26 ±0*.*02* [^b^](#t006fn007){ref-type="table-fn"}      *0*.*28 ±0*.*03* [^b^](#t006fn007){ref-type="table-fn"}    *0*.*26 ±0*.*02* [^b^](#t006fn007){ref-type="table-fn"}     *0*.*36 ±0*.*02*[^a^](#t006fn007){ref-type="table-fn"}
  ***Jejunum*, *42 d***   *CAT (U/mg protein)*                           *3*.*47 ±0*.*27*                                             *3*.*58 ±0*.*11*                                           *3*.*45 ±0*.*20*                                            *3*.*93 ±0*.*33*
                          *SOD (U/mg protein)*                           *100*.*82 ±4*.*80* [^ab^](#t006fn007){ref-type="table-fn"}   *93*.*50 ±6*.*31* [^b^](#t006fn007){ref-type="table-fn"}   *111*.*28±3*.*99* [^a^](#t006fn007){ref-type="table-fn"}    *110*.*19 ±5*.*34* [^a^](#t006fn007){ref-type="table-fn"}
                          *CuZn-SOD (U/mg protein)*                      *71*.*71 ±5*.*60*                                            *74*.*41 ±4*.*04*                                          *76*.*54 ±3*.*57*                                           *84*.*07 ±3*.*92*
                          *GSH-Px (U/mg protein)*                        *38*.*24 ±5*.*06* [^b^](#t006fn007){ref-type="table-fn"}     *38*.*98 ±1*.*49* [^b^](#t006fn007){ref-type="table-fn"}   *44*.*89±5*.*79* [^b^](#t006fn007){ref-type="table-fn"}     *70*.*00 ±5*.*62* [^a^](#t006fn007){ref-type="table-fn"}
                          *T-AOC (U/mg protein)*                         *0*.*10 ±0*.*01* [^b^](#t006fn007){ref-type="table-fn"}      *0*.*13 ±0*.*02* [^ab^](#t006fn007){ref-type="table-fn"}   *0*.*11 ±0*.*02* [^ab^](#t006fn007){ref-type="table-fn"}    *0*.*15 ±0*.*01* [^a^](#t006fn007){ref-type="table-fn"}
  ***Ileum*, *21 d***     *CAT (U/mg protein)*                           *4*.*19 ± 0*.*25*                                            *4*.*38 ±0*.*42*                                           *4*.*41 ±0*.*43*                                            *4*.*99 ±0*.*39*
                          *SOD (U/mg protein)*                           *67*.*91 ± 3*.*67*                                           *71*.*57 ±6*.*82*                                          *68*.*38 ±3*.*68*                                           *78*.*74 ±6*.*40*
                          *CuZn-SOD (U/mg protein)*                      *52*.*55 ±4*.*12* [^b^](#t006fn007){ref-type="table-fn"}     *47*.*89 ±3*.*02* [^b^](#t006fn007){ref-type="table-fn"}   *47*.*00 ±2*.*55* [^b^](#t006fn007){ref-type="table-fn"}    *92*.*59 ±9*.*22* [^a^](#t006fn007){ref-type="table-fn"}
                          *GSH-Px (U/mg protein)*                        *50*.*27 ±2*.*60*                                            *48*.*83 ±3*.*80*                                          *52*.*82 ±3*.*29*                                           *55*.*98 ±4*.*10*
                          *T-AOC (U/mg protein)*                         *0*.*22 ±0*.*02*                                             *0*.*26 ±0*.*02*                                           *0*.*25 ±0*.*02*                                            *0*.*27 ±0*.*03*
  ***Ileum*, *42 d***     *CAT (U/mg protein)*                           *6*.*71 ±0*.*42*                                             *7*.*11 ±0*.*23*                                           *7*.*18 ±0*.*38*                                            *7*.*37 ±0*.*60*
                          *SOD (U/mg protein)*                           *82*.*88 ±7*.*62* [^b^](#t006fn007){ref-type="table-fn"}     *84*.*28 ±4*.*82* [^b^](#t006fn007){ref-type="table-fn"}   *115*.*49 ±9*.*73* [^a^](#t006fn007){ref-type="table-fn"}   *127*.*10 ±6*.*98* [^a^](#t006fn007){ref-type="table-fn"}
                          *CuZn-SOD (U/mg protein)*                      *50*.*52 ±3*.*00* [^b^](#t006fn007){ref-type="table-fn"}     *53*.*42 ±4*.*11* [^b^](#t006fn007){ref-type="table-fn"}   *63*.*38 ±7*.*31* [^b^](#t006fn007){ref-type="table-fn"}    *82*.*11 ±7*.*59* [^a^](#t006fn007){ref-type="table-fn"}
                          *GSH-Px (U/mg protein)*                        *54*.*12 ±5*.*08* ^*c*^                                      *54*.*57 ±3*.*19* ^*c*^                                    *72*.*15 ±3*.*76* [^b^](#t006fn007){ref-type="table-fn"}    *113*.*32 ±4*.*70* [^a^](#t006fn007){ref-type="table-fn"}
                          *T-AOC (U/mg protein)*                         *0*.*17 ±0*.*02* [^b^](#t006fn007){ref-type="table-fn"}      *0*.*19 ±0*.*01* [^b^](#t006fn007){ref-type="table-fn"}    *0*.*24 ±0*.*01* [^a^](#t006fn007){ref-type="table-fn"}     *0*.*27 ±0*.*02* [^a^](#t006fn007){ref-type="table-fn"}

*Note*.

^1^Abbreviations: CAT, catalase; SOD, superoxide dismutase; CuZn-SOD, copper and zinc superoxide dismutase; GSH-Px, glutathione peroxidase; T-AOC, total antioxidant capacity.

^2^ Broilers fed a basal diet.

^3^ Broilers fed a basal diet supplemented with 0.05% sodium butyrate.

^4^ Broilers fed a basal diet supplemented with 1% clinoptilolite.

^5^ Broilers fed a basal diet supplemented 1% CLI-B.

^ab^ Means within a row with different letters (a, b) differ significantly (P \< 0.05).

Discussion {#sec017}
==========

Growth performance {#sec018}
------------------

Dietary supplementation of sodium butyrate could increase the average body weight gain and feed consumption while reducing the F/G \[[@pone.0154410.ref035]\]. Previous studies also demonstrated that dietary sodium butyrate had a positive effect on body weight gain when supplemented at levels of 500 and 2000 mg/kg from 0 to 21 days, but a negative effect on the F/G with a supplemented level over 2000 mg/kg. Too high or too low levels of sodium butyrate had negative effects on the F/G \[[@pone.0154410.ref036]\]. Therefore, a diet supplemented with 500 mg/kg sodium butyrate was chosen as a control in our experiment due to its positive effect on body weight gain \[[@pone.0154410.ref004]\]. Although, there were no significantly differences in the F/G between SB and CON groups, however, SB group significantly increased body weight gain and feed intake compared with the other treatments at 21 d of age in chickens ([Table 1](#pone.0154410.t001){ref-type="table"}). Different effects of clinoptilolite on growth performance have been reported in chickens. Olver found that the addition of clinoptilolite in layer diets increased feed intake in laying hens \[[@pone.0154410.ref037]\], while others found that there was no significant effect on feed intake by the addition of clinoptilolite into the diets of laying hens \[[@pone.0154410.ref038]\]. However, another study concluded that a layer diets supplemented with the sodium clinoptilolite at 1.5% level had an adverse effect on feed intake in layer hens \[[@pone.0154410.ref039]\]. Most of studies reported there was no significant improvement on growth performance when supplementation of clinoptilolite into the diet, while there were very few studies showed adverse effects \[[@pone.0154410.ref040]\]. In our present study, no significant difference was found on growth performance between CLI and control group, which showed that addition of CLI in the diets did no harm to the growth performance of broiler chickens. Moreover, CLI-B supplementation had decreased the feed intake compared with the CON group during the whole period but also decreased F/G at 42 d and the whole period which indicated that the addition of CLI-B in diets could increase the feed conversion efficiency in broilers. The differences between CLI and CLI-B groups may be caused by the butyrate loaded into the clinoptilolite \[[@pone.0154410.ref035]\], which is an evidence that butyrate was successfully loaded into the clinoptilolite. The results also showed that the addition of CLI-B could improve the feed conversion efficiency than the SB or CLI groups at 42 d or even the whole period.

Digestive enzymes of pancreas assay {#sec019}
-----------------------------------

The pancreas secretes a series of enzymes that are essential for the digestion of nutrients. Thus, the enzyme activities in pancreas could reflect the level of endogenous enzymes which are synthesized and locally stored \[[@pone.0154410.ref041]\]. Previous studies showed that the sodium butyrate supplementation modified some digestive enzyme activities in the calves serving as a basis for enhanced digestibility and absorption \[[@pone.0154410.ref042]\] as well as microstructure of the small intestine in piglets \[[@pone.0154410.ref043]\]; Supplementation with clinoptilolite significantly improved the activities of digestive enzymes in the small intestinal contents \[[@pone.0154410.ref044]\]. Based on the results of this study, the CLI-B supplementation in broiler chickens had higher pancreatic enzyme activities especially amylase and lipase than other experimental groups which indicated CLI-B could improve the digestibility and utilization of feed. Improved activities of pancreatic digestive enzymes may explain the decreased of F/G in CLI-B group than other groups in chickens. The positive effect of CLI-B on broilers may be an attribute to the interaction of clinoptilolite and butyrate; the clinoptilolite, serving as a controlled-release carrier, might have modified butyrate release which improved nutrient utilization and enzyme activity, therefore benefit the feed efficiency in broilers chickens \[[@pone.0154410.ref029]\].

Development of intestine {#sec020}
------------------------

The intestine is a fast turnover tissue of the whole gastrointestinal tract in the living body. The improvement of gut health is essential for the poultry welfare as well as the productivity. Any kind of gut damage will result in poor gut health, which will in turn, decrease nutrient utilization efficiency \[[@pone.0154410.ref045]\]. In our study, the increased relative weight and length of intestine indicated that supplementation of CLI-B help improve the development of intestine thus improve the health of gut. The benefits of CLI-B on development of intestine may be associated with slower passage of nutrient through the digestive tract with the addition of clinoptilolite as well as the benefits of butyrate. The higher values in CLI-B group than the SB and CON groups also suggested that the combination of clinoptilolite and butyrate have potential application and better effects than supplementation butyrate individually.

Intestinal histomorphology {#sec021}
--------------------------

The structure of the intestinal mucosal reflects gut health status. Longer villi can increase intestinal surface area thus support better nutrient absorption which is also an indication of healthy development of intestine in response to the use of feed additives \[[@pone.0154410.ref046]\]. A large crypt can indicate greater tissue turnover and higher demand for new tissues \[[@pone.0154410.ref047]\]. In present study, supplementation of sodium butyrate showed beneficial effects for intestinal structure and morphology. Moreover, lower crypt depth and higher villus/crypt ratio indicated the addition of CLI-B increased the absorption of nutrients, decreased the secretion of the gut, improved the resistance of disease and increased the overall performance \[[@pone.0154410.ref047], [@pone.0154410.ref048]\]. Both the sustained release of butyrate and the damage protection capability of clinoptilolite in the mucosal layers provided beneficial supports to maintain intact mucosal structure\[[@pone.0154410.ref024], [@pone.0154410.ref029]\]. A tendency toward increased villus height throughout the intestinal segments of broilers fed with natural zeolite including plant extract was observed \[[@pone.0154410.ref049]\], which demonstrated the positive effect of feed additive using zeolite clinoptilolite as a carrier. In short, the addition of CLI-B increased nutrient absorption, improved intestine health than addition of clinoptilolite and sodium butyrate alone.

Serum NO content and NOS enzyme activity {#sec022}
----------------------------------------

Nitric oxide (NO) is an important signaling molecule involved in various developmental, pathological and physiological processes generated in neutrophils, certain T and B cell lines \[[@pone.0154410.ref050]\]. The expression of *i*NOS (a rate-limiting enzyme synthesis NO) are generally recognized to reflect the antioxidant capacity of animals like antioxidant enzymes activities. NO modulates the production of cytokines, chemokines and growth factors \[[@pone.0154410.ref051]\]. Higher level of NO produced by *i*NOS leads to potent antimicrobial effects to control infections and hence is critical in immune defense \[[@pone.0154410.ref051]\] and the occurrence of apoptosis and/or necrosis in immune cells \[[@pone.0154410.ref052], [@pone.0154410.ref053]\]. The current study found that three treatments (SB, CLI and CLI-B) significantly decreased the content of NO (P \< 0.05) than the CON group at 21 d and 42 d. Natural clinoptilolite have positive influence on the inflammatory processes by decreasing the synthesis of nitric oxide and superoxide anions \[[@pone.0154410.ref017]\]. Both Kanika et al and our study reported that sodium butyrate significantly decreased the expression of *i*NOS \[[@pone.0154410.ref054]\]. The decreased *i*NOS in CLI-B group may attribute to the adsorption of butyrate into clinoptilolite and also might be due to a sustained slow release of butyrate from CLI-B in the gastrointestinal tract. The decreased levels of NO and *i*NOS in CLI-B group indicated that the supplementation of CLI-B could improve antioxidant capacity in broilers which further showed that the addition of SB, CLI and CLI-B did no harm the health of broilers.

Intestinal mucosal antioxidant capacity {#sec023}
---------------------------------------

Antioxidant enzymes are indispensable key factors against oxidative stress induced by xenobiotic in animal defense system \[[@pone.0154410.ref055]\]. The antioxidant enzyme defense system consists of CAT, SOD, GSH-Px. SOD dismutase superoxide radicals (HO^.^~2~-/O^.^~2~-) to the less toxic H~2~O~2~ while CAT and GSH-Px detoxify H~2~O~2~ into O~2~ and H~2~O \[[@pone.0154410.ref056]\]. The T-AOC includes a number of antioxidant enzymes and related biomolecules with the ability to remove free radicals of a specific organ or a living organism. The level of T-AOC reflects the total antioxidant ability \[[@pone.0154410.ref056]\].

Some *in vitro* studies indicated that butyrate could increase the activity of antioxidant enzymes. The activity of antioxidant enzymes in normal colon cells significantly increased after exposure to butyrate environment \[[@pone.0154410.ref057]\]. Orchel *et al*. also demonstrated the total SOD activity increased in Caco-2 colon carcinoma cells after 4 days of butyrate treatment \[[@pone.0154410.ref058]\]. In this experiment, although addition of SB did not significantly increase the antioxidant enzymes activity, it showed higher values of antioxidant enzyme activities than the CON group. Previous studies indicated that addition of clinoptilolite into the diet of broiler chickens could significantly increase the activity of antioxidant enzymes \[[@pone.0154410.ref059]\] which was also showed in this study. In the present study, it indicated that higher oxidative susceptibility in CLI-B group than other groups of jejunum and ileum at either 21 d or 42 d. The antioxidant properties of feed additives may also act within the digestive tract and improve overall gut functions \[[@pone.0154410.ref060]\]. The changes in antioxidant properties observed in this study indicated that the CLI-B contributed to improve the antioxidant properties than adding sodium butyrate and clinoptilolite alone. The antioxidant capacity may help improve the development of the digestive tract and are indications of gut health effects of CLI-B.

Conclusions {#sec024}
===========

The results of this study showed butyrate was successfully loaded into the clinoptilolite. Dietary supplementation of CLI-B decreased the F/G, increased activities of digestive enzymes, promoted the development and health of intestine by increasing the relative weight and length of intestine, decreasing the crypt depth as well as increasing the villus height and villus / crypt ratio. Furthermore, the CLI-B could improve the antioxidant capacity of intestine by decreasing the NO content, *i*NOS activity, and increasing the antioxidant enzyme activities in chickens. In addition, the CLI-B supplementation had better improvement in the development of intestine and antioxidant statuses of broiler chickens than supplementation with clinoptilolite or butyrate sodium alone. In conclusion, 1% butyrate loaded clinoptilolite supplementation is a practical management application with economic benefits for the broiler industry.
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CLI

:   clinoptilolite

CLI-B

:   butyrate loaded clinoptilolite

SB

:   sodium butyrate

DTA

:   differential thermal analysis

BWG

:   body weight gain

FI

:   feed intake

F/G

:   feed conversion ratio

NO

:   nitric oxide

TNOS

:   total nitric oxide synthase

*i*NOS

:   induce nitric oxide synthase

CAT

:   catalase

SOD

:   superoxide dismutase

CuZn-SOD

:   copper and zinc superoxide dismutase

GSH-Px

:   glutathione peroxidase

T-AOC

:   total antioxidant capacity
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